Mouse embryos were transferred to allogeneic pseudopregnant foster mothers and the cells of the resultant neonates were analyzed for the expression of maternal major histocompatibility complex (MHC) antigens to elucidate maternal cell transmission to the fetus during pregnancy.
zuoka, Japan) and C57BL/6 and BALB/c J mice were purchased from Clea Japan Inc (Tokyo, Japan).
Mouse embryo transfer. Female mice were mated with vasectomized males to produce pseudopregnant foster mothers. Embryos ofthe two-cell or blastocyst stage were transferred into the ampullae of0.5-day postcoitus pseudopregnant foster mothers or the uterine horns of2.5-day postcoituspseudopregnant recipients, respectively, as described by Hogan et al. ' I Preparation of cell suspension. Neonatal mice just delivered naturally from the foster mothers were washed well with water to remove contaminating maternal cells. Single-cell suspensions prepared from the neonatal spleen, thymus, and liver were washed twice with phosphate-buffered saline and subjected to fluorescenceactivated cell sorter (FACS) or polymerase chain reaction (PCR) analyses.
Immunofluorescence staining and flow cytometric analyses. Cells were immunostained on ice in Hanks' Balanced Salt Solution supplemented with 0.1% bovine serum albumin and 0.025% sodium azide. Propidium iodide ( l &mL) was added to the immunostained cells to exclude dead cells from the analysis. Flow cytometric analyses were conducted with an FACScan (Becton Dickinson, San Jose, CA). For detecting BALB/cderived cells, biotinylated anti-H-2KdDd (34-7-23s; this antibody does not cross-react with H-2k)'2 or anti-Thy-1.2 (F75D; obtained from Serotec, Oxford, UK) antibodies, followed by streptavidin conjugated with fluorescein isothiocyanate (FITC), was used.
PCR analyses. PCR amplification was performed as described by Saiki et al,I3 with the following primers, based on the published sequence (Fig 2 in Hyldig-Nielsen et all4): 5' end of I-Ea exon I , GCCTCAGTCTGCGATCGCTTCTGAACC; 3' end of l-Ea exon 2, CGTTGGCATCTGGAGTGTTGTTGGAACGC. Total RNA was extracted from mouse cells of neonatal tissues according to the acid guanidinium thiocyanate-phenyl-chloroform extraction method." cDNA was synthesized from the total RNA of each sample ( 15 pg) using a cDNA synthesis kit (Amersham, Buckinghamshire, UK) with oligo-deoxythymidylic acid primer according to the manufacturer's directions. Half of the cDNA thus produced was used as a template for the PCR reaction, in which the following components were present: 1 pmol/L of each primer; 200 pmol/L of dATP, dGTP, dCTP, and dTTP; 50 mmol/L of KCI; I O mmol/L of Tris-HC1 (pH 8.3); 3 mmol/L of MgCI2; 0.01% gelatin; and 5 U of Ampli Taq DNA polymerase (Perkin Elmer-Cetus, Norwalk, CT). The reaction was performed in a DNA Thermal Cycler PJ 2000 (Perkin Elmer-Cetus). The following protocol was used: 3 minutes at 95"C, then 30 cycles of 1 minute at 95T, l minute at 45°C and 1 minute at 72"C, followed by a final extension at 72°C for 5 minutes. PCR products were analyzed by Southern blot hybridization with an I-E/ exon 1-and 2-specific probe. The probe, prepared by PCR as described above using cDNA of BALB/c adult spleen RNA as a template, was cloned into a PCR I1 vector (Invitrogen). The nucleotide sequence of this clone (378 bp) was analyzed by the dideoxy chain terminal method and was found to be completely iden- For 
RESULTS

Flow cytometric detection of maternal cells in neonatal mice developedfrom embryos transferred to allogeneic foster mothers.
To obtain evidence for maternal cell transmission to the fetus during pregnancy, we analyzed the cells of neonates, immediately after natural delivery from the allogeneic foster mothers, for the expression of maternal MHC antigens by immunofluorescence flow cytometry. Normally delivered neonates rather than fetuses were subjected to analysis, because contamination by maternal cells that would occur during operation when fetuses are removed from the uterus was thus avoided. El-Alfi and Hathout4 detected cells with XX chromosomes in the male neonatal circulation to elucidate maternal cell transfusion to the fetus. However, because of the lack of antibodies against femalespecific antigens, it was impossible to distinguish maternal cells from syngeneic fetal cells by immunofluorescence flow cytometry. Thus, we transferred allogeneic embryos to foster mothers and examined the expression of maternal MHC antigens in the resultant neonates.
AKR (haplotype k, Thy-l. 1) mouse embryos were transferred to three BALB/c (haplotype d, Thy-1.2) foster mothers, and the spleen, liver, and thymus cells of the 10 to 15 neonates were analyzed for the expression of maternal MHC class I antigens using anti-H-2KdDd monoclonal antibody (Fig 1 A) . H-2KdDd-positive cells were detected in the neonatal spleen (0.3%, the average of the independent 2 experiments), but not in the liver and thymus, thus suggesting that a small number of maternal blood cells had migrated into the fetal circulation. It should be noted here that no stained cells were detected in AKR neonatal spleen cells under the same conditions (Fig IA) . Thus, the positively stained cells found in the neonatal spleen of the allografted AKR embryos were caused by the expression of H-2Kd and/ or Dd but not by the expression of Fc receptors. Figure 1B shows the forward and side light scatter patterns ofthe whole spleen cells and the H-2KdDd-positive cells gated from them. It is suggested by comparison of these two patterns that the latter mainly consisted of lymphoid cells.16 This speculation was supported by the presence of Thy-I .2-(the Thy-1 allele of BALB/c mouse) positive cells in the neonatal spleen (Fig IC) .
Detection qf maternal cells in neonatals by PCR. Another set of experiment was performed to obtain evidence of the maternofetal transfusion of blood cells using PCR technology. It is known that mouse H-2 complex genes are polymorphic in accordance with differences in strains." We have previously attempted to distinguish maternal from neonatal cells by using the partial differences of H-2 class I genes, but so far this has not been successful.
Mathis et all8 reported that LE: and I-EL genes have deletion in the transcription promoter-exon 1 region; thus, they cannot be expressed in mice of haplotype b and S . Taking advantage of this fact, we therefore attempted to identify maternal I-E,d gene products in C57BL/6 (haplotype b) embryos transferred into BALB/c (haplotype d) foster mothers, based on the assumption that maternal MHC class II-positive cells were also transmitted to the fetus. When total cDNA prepared from adult BALB/c spleen cells was used as a template, a 378-bp band corresponding to the cDNA of I-Ed, was generated in the PCR with 5' LE, exon 1 and 3' I-E, exon 2 primers. On the other hand, no such bands were detected in C57BL/6 spleen cell cDNA (Fig 2) . cDNA prepared from the spleen, liver, and thymus cells ofthe 10 neonates resulting from C57BL/6 embryos (LEa negative) transferred to BALB/c (LEa positive) foster mothers was analyzed for the presence of LE, based on this system. The 378-bp band (I-Ed, PCR product) was clearly detected in the neonatal spleen, showing the residence of maternal cells, but it was not discernible in the neonatal liver and thymus. The conclusion derived from this experiment corresponded well with that obtained by the flow cytometric analyses shown in Fig 1. 
DISCUSSION
The transmission of maternal cells to the fetus during normal pregnancy was confirmed based on two independent observations, one at the cellular level and another at the molecular level. Of the organs examined, the maternal cells were distributed most abundantly in the neonatal spleen (0.3% of the total cells according to the FACS analyses shown in Fig IA) . These cells were not found in the liver, in which there is a large blood flow, indicating that they might be localized in the spleen rather than being widely distributed in the fetal circulation. This finding suggests that the total number of maternal cells in a fetus was very low in normal pregnancy, in contrast to the high frequency of maternofetal transfusion in disease or abnormal d e l i~e r y .~.~-~, * Because of the low frequency of the maternal cell transmission to the fetuses and the limitation of the sensitivity of the analytical methods used, multiple neonates were combined and analyzed to detect the maternal cells transmitted to them. Therefore, we could not examine whether the maternal cell transmission occurred in individual neonates, but it was reproducibly observed in every experiment, thus suggesting that it might normally occur in most fetuses.
The major blood component of the maternal circulation that migrates to the fetus through the placenta may be lymphocytes. This speculation is based on the following findings.
(1) The transplacentally migrating maternal cells were distributed, as discussed above, mainly in the spleen of neonates. ( 2 ) They behaved in a lymphoid cell manner in the light scatter pattern of the FACS analyses (Fig IB) . (3) About half of them expressed Thy-1.2. In addition, at least some of them were B lymphocytes because cells expressing not only MHC class I but also class I1 antigens were present (Fig 2) . The T lymphocytes in them may be mature T cells judging from their tissue distribution; they were found in the spleen but not in the thymus of the neonates. It is well known that maternal Ig molecules are transmitted to the fetuses and assist the immune response until the neonatal For personal use only. on October 30, 2017. by guest www.bloodjournal.org From immune system is developed." It might be possible to speculate that a small number of maternal lymphocytes are physiologically, and not accidentally, transmitted to the fetus and that they play a role in the protection of fetal life.
